In healthy subjects hypoglycaemia causes a fall in body temperature through increased sweating and limb blood flow, and despite increased metabolic heat production. We studied thermoregulatory responses to hyperinsulinaemic (100mU.m-2-min -1) (a) hypoglycaemia (2.5mmol/1) and (b) euglycaemia (4.5 mmol/1) in insulin-dependent diabetic men of short (< 5 years) and long (> 15 years) diabetes duration. Plasma noradrenaline (p < 0.0001), metabolic rate (p < 0.005), heart rate (p < 0.0001) and skin blood flow (p < 0.05) increased during hypoglycaemia and euglycaemia with a greater rise in noradrenaline during the former (p < 0.05). Plasma adrenaline (p < 0.005), forearm blood flow (p < 0.05) and systolic blood pressure (p < 0.02) increased and diastolic blood pressure decreased (p < 0.005) during hypoglycaemia, with greater changes in adrenaline (p < 0.05) and diastolic blood pressure in patients of short diabetes duration. Only two patients (diabetes duration < 2 years) sweated appropriately, while body temperature changed minimally in the two groups of patients. In summary, thermoregulatory responses to hypoglycaemia are impaired in IDDM due to attenuated sweating and adrenomedullary responses. [Diabetologia (1994) 
In healthy subjects hypoglycaemia causes a disturbance of thermoregulation: heat is dissipated and core temperature falls despite an increase in heat production [1] . Heat dissipation occurs primarily through sympathetically mediated sweat production and subsequent evaporative heat loss but also by increased peripheral blood flow. The rise in heat production is caused by increased sympathoadrenal activity and limb muscle blood flow increases through the effects of increased plasma adrenaline. It is thought that skin blood Received: 22 October 1993 and in revised form: 12 January 1994 flow increases through withdrawal of vasoconstrictor tone [2] which is at odds with the often reported skin pallor noted in hypoglycaemic subjects.
Hypothermia is known to accompany hypoglycaemia in diabetic patients [3] but there is little detailed information of the associated thermoregulatory changes. There are several potential areas where responses in diabetic patients may differ from those of normal subjects: the sympathoadrenal response to hypoglycaemia is attenuated in diabetes of long duration [4] , diabetic patients have abnormal vascular responses to a number of different stresses [5] , more specifically, there is evidence that skin vascular responses to hypoglycaemia may be abnormal [6] and abnormal sweating is well documented [7] . We have therefore examined the thermoregulatory responses to sustained hyperinsulinaemic hypoglycaemia and euglycaemia in IDDM of short and long duration in a single blind, experimental protocol. Values are mean (SEM). Starting glucose is the arterialised venous sample at start of hypoglycaemic clamp
Subjects and methods
Patients: Fourteen male IDDM patients (Table 1) , equally divided into short (< 5 years) and long (> 15years) diabetes duration, were recruited from the diabetes clinic of University Hospital, Nottingham. All were otherwise healthy and on no additional medication. Three smoked but abstained on study days. All gave written informed consent to the study which was approved by the University Hospital Ethics Committee. All subjects were treated with twice daily isophane and short-acting insulin regimens and they witheld isophane insulin from the previous 24 h and short-acting insulin on the morning of the study. Subjects fasted from the night before (22.00 hours) and on arrival at the hospital (08.00 hours) an intravenous catheter was inserted into the antecubital fossa for a low-dose insulin infusion (Human Actrapid; Novo Nordisk, Copenhagen, Denmark), the rate of which was adjusted to maintain blood glucose between 4.5 and 6 retool/1 for at least 2 h prior to study at 14.00 hours. A second catheter was inserted retrogradely into the dorsum of the hand for blood sampling and the hand was placed in a heated box (55 ~ C) to arterialise the venous blood [8] . Studies were performed with the subjects lightly dressed lying supine in thermoneutral conditions (30 ~ C). Subjects with a history of symptomatic hypoglycaemia during the previous 24 h or with a documented low blood glucose ( < 4 mmol/1) at the time of arrival or during the morning period of stabilisation were excluded from the study.
Protoco# In random order, and with subjects unaware of the nature of the study, the two visits involved: hyperinsulinaemic hypoglycaemia (H), and euglycaemia (E). Using an adaptation of the hyperinsulinaemic clamp [9] we infused insulin (100 mU. m-2.min -1) and glucose (dextrose 20% [weight/volume]) for 90 min to maintain blood glucose at either 2.5 mmol/1 (H) or 4.5 mmol/1 (E) for the final 60 min.
Measurements:
Arterialised venous blood samples were taken from the retrograde cannula for measurement of blood glucose at 3-5 min invervals. During the baseline period and at 20-min intervals during the experimental clamp further blood was taken for measurement of noradrenaline and arenaline by high performance liquid chromatography [10] . Metabolic rate was measured by indirect calorimetry during baseline and the 60-rain clamp [11] . All other measurements were made at 10-min intervals during the baseline and 90-min infusion. Core temperature was measured by an aural thermistor in the external auditory canal. Skin temperature was measured by surface thermocouples at the forehead, abdomen, calf, shin and dorsum of the foot. Sweat evaporation rate was measured by a dew point sensor connected to a ventilated capsule on the anterior abdominal wall (Michell Instruments Ltd., Series 2000, Cambridge, UK).
Right forearm and right great toe blood flow were measured by mercury-in-silastic strain gauge venous occlusion plethysmography [12] . Skin blood flow was measured at two sites (left toe pulp and dorsum of the left foot) by laser Doppler flowmetry (MBF2; Moor Instruments, Opto-electronic Instrumentation, Axminster, UK). Heart rate was reorded from an electrocardiogram and brachial arterial blood pressure measured by auscultation using a mercury sphygmomanometer. At a further visit all patients underwent cardiac autonomic function testing [13] and an acetylcholine sweat spot test [14] with concurrent blood glucose above 4.5 mmol/1. Testing and analysis of these results were performed by an independent observer blinded to specific patient details.
Statistical analysis
Results were analysed by three-way ANOVA with repeated measures using the statistical package BMDP (BMDP statistics software, Los Angeles, Calif., USA). Time effects represent changes from baseline during the study. Treatment effects (treatment~time interaction) represent a difference in response between the two visits (E and H). Duration effects represent a difference in responses between patients of short and long diabetes duration. Unless otherwise stated ANOVA statistics are presented as a treatment~time interaction between the two visits. Data were sphericity tested to determine normal distribution. Non-normal data was corrected by Huynd-Feldt factor. The levels of significance at individual time points were calculated by paired t-tests, using the variance term for the interaction from ANOVA and a Bonnferroni correction applied for multiple testing. Statistics are presented as F-ratio and probability (ANOVA). Results in text are expressed as mean and SEM with the exception of sweating responses where individual responses are plotted. For the sake of clarity, data are presented graphically as changes from baseline with the exception of blood glucose and sweating responses which are presented as absolute values. Metabolic rate and catecholamine data are presented for the clamp period only (0 to 60 min), whereas, the remaining data are presented for the entire 90-min infusion period (-30 to 60 min). Where significant differences in responses exist between patients of short and long diabetes duration, data are presented separately for these groups.
Results
Autonomic function: All patients of short diabetes duration had normal autonomic function. Two of long diabetes duration had abnormal results; one with evidence of cardiac autonomic neuropathy the (Table 2) .
Thermoregulation: Thermoneutral conditions were sustained throughout the study and baseline data did not differ between hypoglycaemic and euglycaemic study visits. Target blood glucose levels were achieved during hypoglycaemia and euglycaemia (Fig. 1) . Baseline metabolic rate was 5.5 + 0.2 kJ/min before euglycaemia and 5.2 + 0.2 before hypoglycaemia (NS). Metabolic rate increased with time during both hypoglycaemia and euglycaemia (time effect: F 8.8; p < 0.005) with a trend to a greater rise during hypoglycaemia (F 2.18; p = 0.08) (Fig.2) . There was also a trend to a greater increase in metabolic rate above baseline during hypoglycaemia in short diabetes duration patients ( time~treatment~duration effect F2.45;p = 0.07) (Fig. 2) . Sweating varied widely during hypoglycaemia (Fig. 3 ) and two patients with a diabetes duration less than 2 years had the greatest sweating response. Overall sweating increased with time with no significant difference between hypoglycaemic and euglycaemic visits. During hypoglycaemia there was a trend to a fall in core temperature (F 2.99; p = 0.06) with a negative correlation between individual peak sweating responses and maximal core temperature change (Fig. 4) . Skin temperature did not change during hypoglycaemia and euglycaemia, and body temperature responses did not differ between short and long duration groups. (Table 3 ). There were some differences between the patients with diabetes of short and long duration, notably for forearm blood flow, toe blood flow and dorsal foot skin blood velocity (Table 4) . Diastolic blood pressure fell during hypoglycaemia (F 5.23; p < 0.005) with a greater decrease in short diabetes duration patients (time~treat-ment~duration effect F 2.87; p < 0.05) (Fig. 5) . Systolic blood pressure increased (F 3.28; p < 0.02) with no difference between short and long diabetes duration patients (Fig.6a ). Blood pressure did not change during euglycaemia. Heart rate increased during hypoglycaemia and euglycaemia (time effect." F 8.26; p < 0.0001) with no difference in response between short and long diabetes duration patients (Fig. 6b) and a trend to a greater increment during hypoglycaemia (F2.42;p = 0.08).
Forearm blood flow (Fig. 7) increased during hypoglycaemia (F6.9;p < 0.05), with a trend to a greater increment in short diabetes duration patients ( time~treat-ment~duration effectF4.2;p = 0.06). Euglycaemia did not affect forearm blood flow. During hypoglycaemia and euglycaemia skin blood velocity of the dorsum of the foot increased (time effect: F 7.04; p < 0.002) and toe blood flow did not change. Skin blood velocity of the toe pulp increased during euglycaemia (F 2.98; p < 0.05) with a trend to a fall during hypoglycaemia (F 2.43;p = 0.06). 
Discussion
This study demonstrates abnormal thermoregulatory responses to hypoglycaemia in IDDM patients. Increases in metabolic heat production and plasma adrenaline varied widely between individuals with blunted responses in long diabetes duration patients. An attenuated adrenomedullary response to hypoglycaemia
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.o e., in IDDM patients is well described [4] and is thought to have a multifactorial aetiology [15] . In the past, autonomic neuropathy was implicated as a cause [16] , but in this study only one patient of long diabetes duration had cardiovascular evidence of autonomic dysfunction. Antecedent diabetes control influences the adrenomedullary response to hypoglycaemia as near normalisation of blood glucose results in a blunted or absent adrenomedullary response [17] and patients with chronic hyperglycaemia (poor diabetes control) have an adrenomedullary response which occurs at a higher blood glucose level [18] . In this study patients of short and long diabetes duration had comparable measures of antecedent diabetes control (HbA1) with a trend to slightly higher levels in long diabetes duration patients, but glycaemic control did not seem to influence the responses. No correlation was noted between HbA1 and the adrenomedullary response although this study was not designed to measure glucose thresholds for adrenaline release. Antecedent hypoglycaemia (within the previous 18 h) may also impair the adrenomedullary response to hypoglycaemia in non-diabetic subjects [19] and, as far as we are aware, patients who may have been hypoglycaemic prior to study were excluded. However, the possibility of asymptomatic antecedent hypoglycaemia could not be excluded completely. Sweating is a common symptom and sign of hypoglycaemia and we have characterised the prompt and sustained nature of the sweating response in a group of healthy males during a hypoglycaemic stimulus identical to that employed in this study, although the plasma insulin levels were approximately 30 % lower [20] . However, only two diabetic patients had a comparable sweating response with the rest having either delayed or negligible responses. Sweating abhor-D. G. Maggs et al: Blood glucose and thermoregulation in IDDM malities are common in diabetes [7] and are normally seen in the presence of neuropathy [21] . The present patients had no clinical evidence of peripheral neuropathy, all but one had normal acetylcholine sweat spot tests and only one patient had evidence of cardiovascular autonomic dysfunction. This suggests that these patients were able to sweat but required a stronger hypoglycaemic stimulus to do so. Diabetes duration may again be an influencing factor as the two patients who had a sweating response similar to that observed in non-diabetic subjects [20] had been diabetic for less than 2years, a shorter duration than the other patients. As with the adrenomedullary response, glycaemic control did not influence the sweating response to hypoglycaemia. Heat dissipation during hypoglycaemia is caused by evaporative heat loss at the skin surface and is strongly related to the sweating response. Not surprisingly, in these patients body temperature changed very little, both at the skin surface and the core. When sweating did occur core temperature fell. This was demonstrated by a negative correlation between individual sweating responses and core temperature change.
We observed an increase in systolic blood pressure, heart rate and forearm blood flow and a fall in diastolic blood pressure during hypoglycaemia. These changes are mostly caused by increased circulating adrenaline and mediated by beta-adrenoceptors. In long diabetes duration patients the blunted adrenomedullary response was reflected by an attenuated limb vasodilator response and a smaller reduction in diastolic blood pressure. However, heart rate and systolic blood pressure changes were not influenced by diabetes duration. During euglycaemia blood pressure did not change but heart rate increased similarly during hypoglycaemia and euglycaemia. In nondiabetic subjects under similar hyperinsulinaemic euglycaemic conditions increases in heart rate have been reported [22] and are accompanied by evidence of increased sympathetic nervous activity. Metabolic heat production increased during hyperinsulinaemic euglycaemia. This has been described previously in normal subjects [23] , and is a manifestation of obligatory and facultative thermogenesis with the latter involving increased sympathetic nervous activity. A trend to a blunted thermic response during hyperinsulinaemic euglycaemia in long diabetes duration patients was associated with lower plasma noradrenaline. This supports the view that under hyperinsulinaemic conditions increased metabolic heat production is, in part, related to increased sympathetic nervous activity.
Past observations of skin blood flow responses to hypoglycaemia have varied. In non-diabetic subjects an early vasodilatory response has been reported [24] , whereas in a group of healthy men subjected to sustained hypoglycaemia similar to the present study, we observed vasoconstriction which was most notable in the arteriovenous anastomoses [25] . The former observation was interpreted as a withdrawal of vasoconstrictor tone [2] , the latter is probably due to adrenaline mediated alpha-adrenoceptor stimulation. In diabetic patients skin vascular responses are abnormal, which may be explained by the attenuated va-soactive responses to stresses generally [5] . This is highlighted by the observation that the early vasodilator response to hypoglycaemia in the skin of the forehead and forearm of healthy control subjects was absent in diabetic patients [24] . A differential effect of hypoglycaemia on skin blood flow in diabetic patients was reported by Wiles et al. [6] who noted a fall in capillary blood flow but sustained flow in arteriovenous anastomoses. This was interpreted as a thermoregulatory response to dissipate heat in the arteriovenous anastomoses, overriding the effect of high circulating adrenaline. The present patients had an increase in capillary blood flow during hyperinsulinaemic euglycaemia and hypoglycaemia. This may reflect a vasodilatory response to warming in the thermoneutral conditions [26] or a vasodilatory effect of insulin [27] . Blood flow through arteriovenous anastomoses also increased during hypoglycaemia and euglycaemia, wish a small and statistically insignificant fail in the later stage of hypoglycaemia. This relative vasoconstrictor response was not as marked as that seen in non-diabetic subjects [25] under identical hypoglycaemic conditions but plasma adrenaline responses were blunted in the diabetic patients.
In summary, we have demonstrated abnormal thermoregulatory responses to hypoglycaemia in IDDM. Diabetic patients showed tittle change in body temperature and diminished sweating responses. These patients also had abnormal cardiovascular responses to hypoglycaemia which are likely to be partly due to an attenuated adrenomedullary response and may influence thermoregulatory mechanisms. Both the sweating and adrenomedullary responses seem to be influenced by diabetes duration. Animal studies have underlined the importance of hypothermic protection of the central nervous system during hypoglycaemia [28] and there is increasing evidence that repeated hypoglycaemia in IDDM patients may result in loss of cognitive powers [29] . We suggest that during hypoglycaemia IDDM patients of increasing diabetes duration cannot dissipate heat effectively and are therefore exposed to a greater potential centrai nervous system insult. The clinical implications of this phenomenon are unknown.
